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Using cross-section transmission electron microscopy and grazing incidence x-ray diffraction
measurements, this work investigates the defect reduction in a wurtize GaN thin film with a multiple
composite layer grown by atmospheric-pressure organometallic vapor phase epitaxy on sapphire
substrate. According to those results, the sequential composite layer can terminate most threading
dislocations and only a few dislocations can be deeply propagated into the next epitaxial layer.
Moreover, the multiple composite layer structure significantly reduces the density of threading
dislocation generated from the GaN/Al2O3 interface. © 2000 American Institute of Physics.
@S0021-8979~00!05409-8#I. INTRODUCTION
The structures of GaN homoepitaxial films as well as
InGaN or AlGaN heteroepitaxial layers have a large lattice
and thermal mismatch with the sapphire substrate. These
structures with low defect densities are essential to fabricat-
ing optical and electronic devices that offer high perfor-
mance and reliability. A single low temperature GaN or AlN
buffer layer is conventionally grown on sapphire to achieve
an epitaxial GaN layer with high quality. An increasing num-
ber of growth techniques have recently been developed to
further reduce the defects and dislocations embedded in the
grown GaN epitaxial films. For example, Iwaya et al.1 indi-
cated that a second AlN or GaN nucleation layer can reduce
the etch-pit defects ~EPDS! of GaN epitaxial layers. Our pre-
vious work2 also developed an epitaxial film grown with
several alternate low temperature ~550 °C! and high tempera-
ture ~1000 °C! layers to reduce the EPD and enhance the
quality of the films. Vaudo et al.3 demonstrated the feasibil-
ity of obtaining a low density of threading dislocations
(,53106 cm22) in GaN epitaxial layers by directly grow-
ing a 300 mm GaN layer onto the sapphire substrate by a
single step hydride vapor-phase epitaxy method. Marchand
et al.4 observed that the density of mixed-character and pure
edge threading dislocations in the epitaxial laterally over-
grown GaN can be reduced by at least 3–4 orders of magni-
tude. Although the above memods might fabricate better la-
ser diodes, detailed structural measurements on the buffer
a!Author to whom correspondence should be addressed; electronic mail:
yjc@itri.org.tw
b!Electronic mail: gcchi@halley.phy.ncu.edu.tw4240021-8979/2000/87(9)/4240/3/$17.00
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quality, are still lacking particularly in the double nucleation
layer and multiple buffer layer ~MBL! structures. In this
work, we elucidate the dislocation propagation and the in-
plane crystalline quality of the GaN epitaxial layers by ex-
amining the MBL structure using TEM and x-ray diffracto-
meter. The possible mechanisms of MBL structure to
enhance the quality of GaN films are also discussed.
II. EXPERIMENT
Multiple composite GaN epitaxial layers were grown by
a separate-flow organometallic vapor phase epitaxy at atmo-
spheric pressure using a horizontal reactor.5 Figure 1 shows a
growth structure of GaN grown on c-face ~0001! sapphire
substrate with three pairs of composite layers. Each compos-
ite pair consists of a thin GaN nucleation layer of around 300
Å grown at a low temperature ~525 °C! and a thick GaN
epitaxial layer of around 4 mm grown at a high temperature
~1000 °C!. A detailed description of the MBL structure and
its growth procedure can be found elsewhere.2 Cross-section
TEM microphotographs, taken in a JOEL 2000EX machine
operated at 200 keV, revealed the dislocation distribution
along the @0001# direction. EPD was observed with a
scanning-electron microscope after etching the GaN surfaces
in a mixed H3PO4:H2SO4 ~1:3! solution at approximately
250 °C for 35 min. The EPD is generally the most inexpen-
sive and quickest means of assessing the structural perfec-
tion. It involves immersing the crystal in a uniquely devel-
oped reagent, which dissolves the material with the most
rapid attack occurring at the defect intersections, the points
of emergence of dislocations, grooves of intersection of grain0 © 2000 American Institute of Physics
license or copyright; see http://jap.aip.org/about/rights_and_permissions
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diffraction experiment was performed at the wiggler beam-
line of the synchrotron radiation research center ~Taiwan
Light Source! to measure the in-plane crystalline quality.
III. RESULTS AND DISCUSSION
Figure 2~a! shows the cross-section TEM images of the
(112¯0) plane of a three pairs of composite layers on a Al2O3
~0001! substrate. According to this figure, many dislocations
are generated in the interface between the GaN epitaxial film
FIG. 1. The growth structure of GaN on c-face ~0001! sapphire substrate for
the growth of three-pair composite layer.
FIG. 2. Cross-section TEM @112¯0# images taken from the three-pair com-
posite layer with ~a! the overview image, ~b! the image of the first and
second pairs, ~c! the image of the second and third pairs, and ~d! the image
of the third nucleation layer.Downloaded 16 Jan 2012 to 140.114.195.186. Redistribution subject to AIP and the sapphire. The density of threading dislocations near
the substrate is estimated to exceed 109 cm22. However, the
second buffer layer terminates many dislocations generated
in the first buffer layer. Only a few dislocations can propa-
gate into the second composite layer as displayed at positions
A and B in Fig. 2~b!. Similarly, the dislocations in the sec-
ond composite layer are terminated in the interface between
the second and third composite layer and only a few dislo-
cations can extend deeply into the third composite layer, as
indicated at positions A and C in Fig. 2~c!. On the surface of
the third composite layer, as estimated, the density of thread-
ing dislocations is around 53107 cm22. The correlation of
the EPD with the number of MBL films helps to elucidate
the reduction of the dislocation density. The EPD of GaN
epitaxial films is reduced significantly from mid-106 to mid-
105 with the increasing pair number of composite layers.
These results of EPD have been discussed in detail in Ref. 2.
To clarify the MBL in detail, this work further investi-
gated the rocking curve widths and 2u breadths along the
normal-plane @0002# and in-plane direction @11¯00# as a func-
tion of the number of pairs of composite layers. The grazing
incidence x-ray diffraction probes the in-plane structure in-
stead of the direction normal to the plane. The rocking curve
widths of off-axis reflections, therefore, are more significant
indicators of the dislocation structures. Figure 3 schemati-
cally depicts the grazing incidence x-ray diffraction, where w
denotes an incidence angle of around 1°. A smaller angle w
implies that the x-ray penetration is limited to only the top
layer, which estimated the penetration distance to be around
0.25 mm under the surface. The rocking curve width indi-
cates the crystalline mosacity and also provides evidence of
defective structures with threading dislocations in the epitax-
ial layers. The 2u breadth combines crystalline coherence
length and microstrains. According to the report of Golan
et al.6 and Heying et al.,7 the results of dislocation density
observed by TEM appears to be consistent with the in-plane
structure, but is inconsistent with the normal-plane structure
measured by x-ray diffraction.
Figure 4 shows the measured rocking curve width and
2u breadth as a function of the number of composite layers
along both directions @11¯00# and @0002#. The rocking curve
widths reach a nearly constant value at more than three pairs
of the composite layer.8 This finding correlates with TEM,
FIG. 3. The schematic diagram of grazing incidence x-ray diffraction to
determine the GaN samples along the in-plane direction.license or copyright; see http://jap.aip.org/about/rights_and_permissions
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near the surface of the third pair of the composite layer is
markedly lower than that in the epitaxial layers with only
one thinner composite layer. The 2u breadth along the
@11¯00# is also reduced and thus indicates enhanced crystal-
line quality as the number of composite layers increased.
This 2u breadth measures the size of the coherent crystalline
and microstrain of the GaN film. This improvement of crys-
talline quality is attributed to the use of the MBL structure to
effectively reduce the lattice strain in the GaN epitaxial lay-
ers. Notably, the u/2u diffraction along the @0002# direction
is well below the instrument limit of 0.011°, indicating that
the coherence length along the normal-plane direction ex-
ceeds 5000 Å.
Numerous line imperfections are embedded in the GaN
epitaxial films due to a large lattice mismatch of 16% be-
tween GaN film and sapphire. Interestingly, nearly all dislo-
cations terminate at the sequential interfaces of the low-
temperature nucleation layers. The growth mechanism of the
low-temperature GaN growth resembles the case of amor-
phous growth; the subsequent high-temperature growth leads
to the formation of a disordered structure, as shown in Fig.
2~d!. Akasaki et al. described in detail the growth model of
low-temperature GaN.9 The amorphous GaN with disloca-
tions is initially grown at low temperatures. As the tempera-
ture reaches 1050 °C, a disordered arrangement of epitaxial
FIG. 4. Rocking curve width and 2u breadth as a function of pair number of
composite layer. The dash line at 0.011° indicates the 2u breadth of the
instrument setup.Downloaded 16 Jan 2012 to 140.114.195.186. Redistribution subject to AIP islands is formed and unevenly distributed to terminate some
dislocations extended from the amorphous GaN layer. Some
crystalline perfection is laterally extended into the region
above the low-temperature GaN, resulting in only few dislo-
cations propagating into the next GaN epitaxial layer. In the
mechanism of dislocation interruption, the role played by the
MBL resembles that of the SiO2 mask in the epitaxial later-
ally overgrown structure.4,10 The structure of the low tem-
perature buffer layer should be examined by high resolution
TEM in the future work.
IV. CONCLUSIONS
Using cross-section TEM, EPD, and in-plane x-ray dif-
fraction, we have investigated the defect structure in a GaN
film grown on MBL structure. Our observations indicate that
nearly all the threading dislocations terminate at the sequen-
tial interfaces of low temperature GaN nucleation
~amorphous-like! layer. The in-plane x-ray measurements re-
veal that the lattice imperfections can be effectively reduced
near the top layer of the GaN film surface. The growth of
MBL structure is a promising means of enhancing the GaN
layer quality for laser diodes devices.
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